ABSTRACT
Pulmonary fibrosis is the end-point of a numerous and heterogeneous group of disorders known as interstitial lung diseases (ILD). Lung fibrotic remodeling is characterized by fibroblast/myofibroblast activation, and excessive extracellular matrix accumulation leading to progressive organ dysfunction and usually terminal outcome. Treatment is largely ineffective primarily because few of the molecular mechanisms have been well defined to design appropriate targets for therapy. While the pathogenesis is incompletely understood, a growing body of evidence suggests two different pathogenic routes for developing pulmonary fibrosis. The inflammatory pathway, where a shift to the so-called T-helper 2 type cytokine networks is critical, and the epithelial pathway represented by idiopathic pulmonary fibrosis, by far the most aggressive ILD. In this pathway the inflammatory process is irrelevant, and the physiopathology seems to be dominated by epithelial cell injury and activation. Both routes may trigger a number of cytokines/growth factors inducing fibroblast migration/proliferation and phenotype change to myofibroblasts, with a consequent accumulation of extracellular matrix. An imbalance in matrix metalloproteinase/tissue inhibitors of metalloproteinases may contribute to alteration in extracellular matrix turnover and remodeling. This review will focus in some of the mechanisms involved in both prefibrotic pathways, as well as those involved in fibroblast activation and abnormal matrix deposition. Hypothetical scheme of the two routes leading to pulmonary fibrosis. An initial injury of known or unknown etiology provokes an unresolved inflammation or alveolar epithelial cell activation. Inflammatory and epithelial cells release factors inducing fibroblast migration and proliferation and changes in cell phenotype (myofibroblasts). In the microenvironment of the injured lung, myofibroblasts induce epithelial cell apoptosis, and irreversible changes in extracellular matrix architecture resulting in an erratic remodeling of the lung parenchyma.
INTRODUCTION
Pulmonary fibrosis is the final common pathway of a diverse group of lung disorders known as interstitial lung diseases [ILD (1) ]. Although the fibrotic changes are typically conceptualized as the fibrous thickening of the interstitium, ---the anatomic space interposed between the alveolar epithelial and endothelial basement membranes, ---an important part of the lung remodeling occurs in the alveolar spaces (2) . Therefore, it would be more appropriate to refer them as diffuse parenchymal lung diseases. Under all circumstances, development of fibrosis provokes dramatic and irreversible changes in the lung architecture resulting in progressive respiratory insufficiency and a terminal outcome in a relatively short period of time.
Despite that ILD are different in a variety of features, they are grouped together because they share many clinical, radiographic and physiological characteristics (1) . A number of them are of known etiology, i.e. exposure to organic (hypersensitivity pneumonitis) or inorganic particles (e.g. asbestosis), induced by drugs, or associated to collagen-vascular disease, such as systemic sclerosis and rheumatoid arthritis. However, around 40-50% of the ILD are of unknown etiology and these are now classified as idiopathic interstitial pneumonias (IIP) (3) . The most common IIP and by far the most aggressive ILD is idiopathic pulmonary fibrosis (IPF), which represents a chronic, progressive and usually lethal lung disorder. In this sense, it is important to emphasize that while most of ILD patients present a heterogeneous clinical behavior, that is, they may heal, improve, or evolve to fibrosis, IPF always progress until the destruction of the lung parenchyma (4) .
Regarding the pathogenic sequence of events, it is generally agreed that ILD are initiated by an injury that results in the development of an inflammatory response which, if unresolved, is followed by fibroblast proliferation/activation and finally by the exaggerated accumulation of extracellular matrix (ECM) proteins. According to this view, inflammation is a crucial event that precedes the development of pulmonary fibrosis. However, it has been recently hypothesized that this pathway operates for most ILD but not for IPF in which fibrosis appears to be an inflammatory-independent pathological process (4) .
In this context, we propose that there are two different routes for developing diffuse pulmonary fibrosis: a) the inflammatory pathway represented by almost all the non-IPF interstitial lung diseases, where there is an early, clearly distinguishable phase of alveolitis, and a late fibrotic phase, and b) the epithelial pathway, represented by IPF [ Figure 1 (4, 5) ].
LESSONS FROM THE INFLAMMATORY PATHWAY
The pathogenesis of fibrosis in most ILD is likely associated with a post-injury immune and inflammatory response leading to tissue remodeling. Naturally, the mechanisms of alveolitis and the inflammatory infiltrate may vary according to the damaging agent, but several essential common cytokine networks are involved. In this pathway, interplay between immune and inflammatory cells and mediators control initiation, progression and eventually resolution of inflammation.
The paradigm of type 1 or type 2 cytokine network commitment
A critical aspect of the immune response is the control of helper T cell differentiation into subsets which predominantly produce cytokines as: interferongamma ? (IFN-gamma)? , interleukin (IL)-2, IL-12, IL-18, and TNF-beta (T helper-1) or IL-4, IL-5, IL-10, and IL-13 (T helper-2). T helper 1 and 2 cells have not precommitted phenotypes but rather are endpoints of a multistep process where common precursor cell populations achieve different cytokine-secretion profiles (6) . It is important to emphasize that although these networks have been classically referred to the subsets of CD4+ T helper lymphocytes, it is now recognized that a number of other cell types, namely mast cells and macrophages, can produce similar cytokine patterns (6) (7) (8) . Therefore, the criteria defining these responses should be widened and it is now more appropriate to refer to type 1 and type 2 cytokine responses rather than Th1 and Th2.
One emerging hypothesis is that the polarized type 1 or type 2 cytokine profiles displayed during the immune/inflammatory response likely determine the phenotype responsible for either resolution of the pathological process or progression to fibrosis. Indeed, a growing body of evidence supports the notion that the type 1 phenotype has a profound antifibrotic effect, primarily mediated by IFN-gamma. This cytokine substantially decreases fibroblast proliferation and ECM synthesis in vitro and reduces the lung fibrotic response in vivo (9, 10) . Likewise, it has been shown that IFN-γ? strongly decreases expression of alpha-smooth muscle actin in TGF-beta pretreated fibroblasts, suggesting that this cytokine is able of reverting the myofibroblast phenotype at least in vitro (11) . Moreover, presently IFN-gamma represents one of the most encouraging drugs for IPF treatment and preliminary data have shown that in combination with low dose of corticosteroids, it leads to improvement or stabilization of this disorder (12) . In contrast, IL-4 and IL-13, which typically represent the type 2 cytokine response, activate fibroblasts, and induce production of ECM macromolecules (13, 14) . Moreover, in human skin keloid fibroblasts, IL-13 inhibits the synthesis of matrix metalloproteinase (MMP)-1 and MMP-3, and enhances production of tissue inhibitor of metalloproteinase (TIMP)-1, suggesting that it might generate a non degradative matrix microenvironment (14) . In addition, it has been demonstrated that both, IL-4 and IL-13 are capable of modulating the phenotype of human lung fibroblasts to myofibroblasts through a c-Jun NH2-terminal kinase-dependent pathway (15) .
In vivo experimental models have strongly supported the assumption that the type 2 reaction is related to fibrosis. Indeed, a predominant type 2 response has been shown in radiation-and bleomycin-induced pulmonary fibrosis (16) (17) (18) . In the radiation model, a selective increase of lung IL-4 loaded CD4+ T-cells was observed preceding the thickening of alveolar walls, peaking 4 weeks after irradiation. When experimental animals were depleted of these specific lymphocytes, the post-radiation fibrotic reaction was significantly reduced (16) . In the bleomycin model the fibrotic lesion has been related with increased expression of both IL-4 and IL-5 by mononuclear cells (17, 18) . Indeed, the use of anti-IL-5 antibody caused significant reduction in lung eosinophilia, cytokine expression, and fibrosis (17).
Studies in human fibrotic pulmonary diseases are scanty, but a type-2 like dominant pattern has been found by in situ hybridization and immunohistochemistry in the lung parenchyma of patients with fibrosing alveolitis (19) . Similarly, it has been shown that CD 8+ T cells obtained through bronchoalveolar lavage (BAL) from the majority of patients with systemic sclerosis ---an autoimmune disease highly associated with pulmonary fibrosis ---express IL-4 and/or IL-5 mRNA, and that this type 2 dominant response is associated with a greater decline in pulmonary function (20) . With regards to the type 1 response, it has been found that ILD patients with higher serum IFN-γ levels respond better to corticosteroids. This observation included several diseases such as sarcoidosis, systemic sclerosis and fibrosing alveolitis (21). Furthermore, the in vitro production of IFN-γ by lymphocytes was impaired in most patients that subsequently showed spontaneous lung functional deterioration, suggesting that impaired IFN-γ release might enhance the fibrotic response in these interstitial lung diseases (21).
Altogether these studies suggest that this complex interplay between type 1/type 2 mediators, may shift the balance to either resolution of the process or progression to fibrosis.
A hypothetical scenario exemplifying this process could be drawn with hypersensitivity pneumonitis (HP). HP is a diffuse granulomatous lymphocytic alveolitis provoked by the exposure to a variety of organic particles, which is believed to be a predominantly T helper type 1 lung disorder (22). Likewise, it is known that while a number of patients improve or heal after therapy, around 30% of them progressively evolve to fibrosis even if they avoid further exposure (23). The fibrotic response is accompanied by a change in inflammatory infiltrate with an increase of neutrophils loaded with collagenase-2 and gelatinase B and the disease usually progresses (23, 24). Therefore, it can be speculated that in this ILD, the host reaction to the organic particle or the chronicity of the disorder or some unknown event may turn on switch to a response dominated by the type-2 cytokine phenotype, whose consequence is the development of progressive fibrosis.
Chemokines
Chemokines are a group of small, mostly basic, structurally related molecules that regulate cell trafficking of various types of leukocytes (25). Chemokines have been divided in two major subfamilies based on the arrangement of two N-terminal cysteine residues, CXC and CC, depending on whether the first two cysteine residues have an aminoacid between them (CXC) or are adjacent (CC) (25).
Chemokines in inflammatory/fibrotic lung disorders.
A number of members of the CC chemokine family have been identified as important in development of inflammation in both experimental models and in human interstitial lung diseases.
Macrophage inflammatory protein-1 alpha (MIP-1 alpha) and monocyte chemoattractant protein-1 (MCP-1), which are chemotactic for macrophages, basophils, eosinophils, and subsets of Tlymphocytes, are upregulated in bleomycin-challenged rodents, and neutralization of both chemokines significantly reduce inflammatory cell accumulation (26). Levels of these chemokines have also been found significantly elevated in patients with systemic sclerosis, and correlate with the presence of pulmonary fibrosis (27). MCP-1 is strongly expressed in the epidermis, inflammatory mononuclear cells, and endothelial cells from sclerotic skin but is not expressed in normal skin.
Likewise, MIP-1 alpha and IL-8, the latter a potent chemoattractant for neutrophils, are increased in BAL fluid of patients with fibrosing alveolitis and sarcoidosis (28). Interestingly, a strong mRNA signal for both chemokines is detected in patients showing progressive disease. RANTES, a potent eosinophil and lymphocyte chemoattractant, has been found elevated mainly in sarcoidosis (29), with the alveolar macrophage being its main cellular source. Recently, we have found that CCL18/DC-CK-1 a chemokine involved in naive T cell recruitment, is strongly upregulated in the lung of patients with hypersensitivity pneumonitis (30). Macrophages, dendritic and alveolar epithelial cells are the source of this chemokine, and a direct relationship between the number of lymphocytes and mRNA levels of CCL18/ DC-CK-1 is observed.
Overall, all these studies support an important role for a number of chemokines in the maintenance of inflammation and in the development of pulmonary fibrosis under certain circumstances.
Chemokines and Th1/Th2 cytokines circuit
Recent data suggest that the expression of some chemokine receptors might play a role in the development of Th1 or Th2 immune responses which, as mentioned above are related to resolution or progression to fibrosis. Thus, for example, the chemokine receptors CCR4 and CCR8 are strongly upregulated in T lymphocytes polarized to the type 2 phenotype (37, 38) . Moreover, a defective T helper type 2 immune response has been reported in several experimental models developed in CCR8 knock-out mice. In contrast, the Th1 type immune response is unaffected by CCR8 deficiency, indicating that CCR8 has an important role in Th2 functional responses in vivo (39). In another study, it was found that CCR5 exhibited the same pathway of Th1 association, while CCR4 expression although not limited to Th2 cells in vivo, was markedly upregulated by IL-4 and downregulated by IFN-gamma in vitro (40) .
Overall these studies suggest the existence of different programs of chemokine receptors expression during the development of Th1 and Th2 cells. However, whether the presence of these receptors and their chemokine ligands participate in recruitment of committed Th1 or Th2 cells, or whether they directly influence differentiation of naive T cells into Th1 or Th2 phenotypes, need further elucidation.
Chemokines and angiogenesis
Neovascularization, a fundamental process in tissue repair after injury, is mediated by a variety of molecules, including CXC chemokines, which regulate the process in opposite directions (31). Thus for example, IL-8 and the growth-related genes alpha, beta, and gamma are angiogenic chemokines, while platelet factor-4 and two interferon-γ inducible proteins (IP-10 and MIG) are angiostatic (31).
With the existing knowledge, it is unclear whether angiogenesis plays a role in the resolution of the inflammatory process or in the progression of lung fibrotic lesions. Although an old report showed extended angiogenesis in patients with diffuse interstitial fibrosis (32), some recent evidence in humans suggests that the development of fibrosis, at least in part, may be related to reduced angiogenesis. Thus, neovascularization is a prominent feature in bronchiolitis obliterans organizing pneumonia (BOOP), a usually reversible fibrogenic process, while fibrosis in IPF involves dense collagen fiber deposition without vascularization (33). Similar results have been obtained in fibrotic skin lesions where a significant reduction in the vascular density has been found in keloids when compared with surgical and hypertrophic scars (34). Thus, formation of keloid scars may be at least partially related to their reduced level of angiogenesis mediated through tissue hypoxia (34).
In contrast, different results have been found in experimental models of pulmonary fibrosis, where angiogenesis and associated chemokines appear to be increased. For example, in bleomycin-induced lung fibrosis, MIP-2 an angiogenic chemokine and IP-10 an angiostatic one, were found to be directly and inversely correlated, respectively, with the lung fibrotic response (35, 36) . Furthermore, depletion of MIP-2 or exogenous increase of IP-10 resulted in marked attenuation of lung fibrosis. Thus, further work is necessary to better understand the role of angiogenesis in human fibrotic lung disorders.
In summary, chemokines play a pivotal role in the regulation of inflammation/fibrosis processes. Upregulation/downregulation of certain chemokines and receptors may participate in the control of the responses at least at three levels, i.e., inducing and perpetuating inflammation, altering angiogenesis, and polarizing the immune response to a type-2 profibrotic reaction. It is important to emphasize that recruitment of leukocytes to the injured tissues requires, in addition to chemokine mediated chemotaxis, a finely regulated multistep process involving leukocyte rolling along the endothelial cell surface, firm adhesion and activation, and transendothelial migration toward interstitial spaces (41, 42) . Control of these events depends on a variety of specific cell-surface proteins, named cell adhesion molecules, some of which are upregulated in a number of human and experimental fibrotic lung disorders (43, 44).
THE EPITHELIAL PATHWAY. TYING LOOSE ENDS
The alveolar surface of the lung is lined by two distinct epithelial cells. Nearly 95% is lined by flattened, greatly expanded type 1 epithelial cells. The geometry of these cells is ideally suited for gas exchange. Importantly, type 1 pneumocytes are very vulnerable to injury by inhaled and bloodborne agents and they represent an endstage of cell differentiation, with little if any proliferative potential. The remaining 5% of alveolar surface is covered by cuboidal type 2 pneumocytes which project into the lumen often occupying a niche in the corner of the alveoli. They are metabolically very active secretory cells, and synthesize among other molecules, surfactant, a complex surface-active compound which covers the alveolar lining lowering the surface tension at the alveolar air-liquid interface. Type 2 epithelial cells are also capable of proliferating and differentiating into type 1 pneumocytes.
Idiopathic pulmonary fibrosis and the alveolar epithelium
Several lines of evidence strongly suggest that inflammation is not an important pathogenic event in IPF. Evidence includes the presence of similar mild/moderate alveolitis either in early or late disease, and the lack of response to potent and long-term anti-inflammatory therapy (4, 5) . Additionally, experimental models and some human diseases have made evident that it is possible to have inflammation-independent fibrosis. In this context, an evolving hypothesis proposes that IPF may result from epithelial microinjuries with alveolar epithelial cell activation and abnormal wound healing (4).
A marked disruption in the integrity of the alveolar epithelium with presence of several altered phenotypes is a distinctive feature in IPF lungs. Usual morphologic phenotypes include a) cuboidal cells (hyperplasia of type 2 pneumocytes), b) reactive large and elongated epithelial cells (putative transitional cells among type 2 and type 1 pneumocytes), and c) bronchiolar-like epithelial cells lining areas of honeycomb lesions ( Figure  2 ). These morphological changes are also accompanied by modifications in specific expressed cytokeratins, ---that reflect differentiation, functional specialization, and pathological alterations ---suggesting that epithelial cells are not only altered in shape, but also in their state of differentiation and function (45) .
In addition, epithelial dysfunction may enhance extravasation of blood constituents that in turn increase surface tension in the alveolar space, allowing apposition and fusion of exposed basement membranes, and consequently causing, alveolar collapse and fibrosis.
Therefore, one of the critical events in the course of IPF is a profound defect in developing an appropriate reepithelialization. Among other effects, correct formation of a continuous layer of alveolar epithelial cells is essential to limit and contain migration of fibroblasts into the alveolar space, as well as their increased synthesis of intra-alveolar extracellular matrix.
Epithelial cell apoptosis and alveolar reepithelialization
Numerous microscopic areas of alveolar epithelial cell dropout often intercalated with hyperplastic cells are usually noted in IPF lungs (4) . The reason for this observation is not clear, but it could be related to chronically induced epithelial cell death. Indeed, a number of studies performed both in vitro and in vivo support the notion that alveolar epithelial apoptosis and necrosis are highly increased in IPF lungs. Fibroblasts/myofibroblasts obtained from IPF patients release angiotensin peptides capable of inducing type 2 pneumocyte programmed cell death (46, 47) . Furthermore, apoptotic epithelial cells in vivo are closely related to underlying foci of myofibroblasts (48) . Apoptosis of type 2 pneumocytes occurs even in normal alveoli of IPF lungs whereas it is absent in normal lungs (49) . Additionally, IPF patients exhibit upregulated Fas expression in bronchiolar and alveolar epithelial cells suggesting that the Fas-Fas ligand pathway may be also involved (50, 51) .
Taken together, these findings demonstrate that numerous alveolar epithelial cells of the fibrotic lung are dying, which may at least partially explain the areas of epithelial cell loss.
On the other hand, a severe impairment in reepithelialization seems to occur in IPF where the capacity of type 2 alveolar cells to restore damaged type 1 cells is seriously affected (52) . Actually, it has been found that high levels of circulating KL-6, a marker of regenerating type 2 pneumocytes and indirectly of the magnitude of the death of type 1 pneumocytes, predict a rapidly progressive IPF with consequent poor outcome (53) .
Epithelial dysfunction in IPF displays several faces. In the last 10 years it has become evident that altered alveolar type 2 cells synthesize a variety of cytokines, growth factors and enzymes involved in matrix cleavage, suggesting that the contribution of the epithelium in ECM remodeling is greater than expected (4).
Several lines of evidence support this notion. Thus for example, in experimental models of lung fibrosis it has been shown that impairment of type 2 cell proliferation after injury enhances the fibrotic response, while coverage of the denuded basement membrane by type 2 cell proliferation and migration prevents interstitial fibrosis (54, 55) . Furthermore, some in vivo/ex vivo models have shown that pulmonary fibrosis can be induced after alveolar epithelial injury even in absence of inflammation (56).
Epithelial cells: The source of profibrotic cytokines/growth factors in IPF
It has been traditionally accepted that inflammatory cells, primarily alveolar macrophages, are the source for most of the soluble molecules implicated in fibrogenesis. However, there is increasing evidence clearly showing that injured/activated alveolar epithelial cells play an essential role in this process synthesizing a number of cytokines and growth factors involved in fibroblast migration, proliferation and inducing changes in their phenotype. Several studies of cell localization by in situ hibridization and immunohistochemistry have demonstrated that in IPF, alveolar epithelial cells are the main site of synthesis of platelet-derived growth factor (PDGF), transforming growth factor beta, and tumor necrosis factor alpha (TNF alpha), all of them essential for the development of pulmonary fibrosis (57) (58) (59) (60) (61) . Likewise, endothelin-1, a vasoconstrictor and a fibroblast and smooth muscle cell mitogenic peptide is strongly up-regulated in type 2 pneumocytes of patients with fibrosing alveolitis, particularly in those lining areas of young granulation tissue (62) . In response to hyperoxia exposure, epithelial cells also modulate lung fibroblasts migration and proliferation through insulin growth factor-I production (63). More recently, Pan et al (64) evaluated the expression of connective tissue growth factor (CTGF) in the lung tissue of patients with IPF. CTGF, a chemotactic and growth factor for fibroblasts encoded by an immediate early gene that is transcriptionally activated by TGF-beta? was strongly upregulated in IPF lungs, and its localization was confined predominantly to proliferating type 2 alveolar epithelial cells and activated fibroblasts.
During alveolar repair processes close contacts are established between fibroblasts and lung epithelial cells through gaps in the basement membrane. With this concept in mind, rat alveolar epithelial cells were co-cultured with human fibroblasts, which resulted in a several fold increase in fibroblasts secretion of collagen type I into the conditioned medium. This stimulation seemed to be caused by the secretion of insulin growth factor 1 (65).
The possible participation of alveolar epithelium in generating a type-2 like pattern in IPF has been also studied. In this context, the type 2 alveolar epithelial cell expression of IL-4 and INF-gamma was examined in lung specimens from patients with IPF, HP, and sarcoidosis. The results showed that while in HP and sarcoidosis ---two reversible ILD ---there was an up-regulation of both IL4 and INF-? γ, in IPF only IL-4 was detectable (66) . These results are consistent with a predominantly type 2 pattern of cytokine network in IPF and support a role for epithelial cells in the characteristic imbalance of pro-fibrogenic cytokines in the distal lung of patients with this disease.
It is important to emphasize that epithelial cells on the alveolar surface of the fibrotic microenvironment may contribute to fibrogenesis not only because they overexpress profibrotic cytokines, but also because they might be unable to secrete some inhibitors of fibroblast growth. Epithelial and mesenchymal cells crosstalk bidirectionally and dynamically. Thus for example, epithelial basement membrane components are assembled to a lamina densa via a supply of soluble factors by pulmonary fibroblasts (67) . Likewise, under physiological circumstances fibroblasts induce epithelial cell proliferation probably through secretion of a number of members of the fibroblast growth factor family, primarily keratinocyte growth factor (68, 69) . Likewise, epithelial cells inhibit fibroblast proliferation probably via secretion of prostaglandin-E2 (70). This reciprocal control seems to be lost during lung fibrosis. Thus, in the fibrotic phase of bleomycin-induced lung injury, where excess fibroblast growth occurs, alveolar epithelial cells appear to be functionally deficient in producing fibroblast inhibitors (68).
Alveolar epithelial cells and intra-alveolar coagulation
During normal wound healing, the coagulation cascade is activated promoting the generation of a fibrin clot. Afterwards, epithelial cells have to dissolve the fibrin barrier to migrate throughout the denuded wound surface and this process occurs throughout the activation of the fibrinolytic system (71) . In contrast, persistent activation of the coagulation cascade enhances a fibrotic response, and this situation appears to occur in a number of ILD including idiopathic pulmonary fibrosis (72) (73) (74) . Most importantly, there is a growing body of evidence supporting that alveolar epithelial cells contribute to the increased procoagulant and antifibrinolytic activities in this disorder. In IPF lungs, tissue factor, a potent procoagulant factor, and plasminogen activator inhibitor (PAI)-1 and 2 are both strongly expressed by alveolar epithelial cells (73) (74) (75) . It is likely that expression of these factors is one of the reactions that follows epithelial damage contributing to the repair of microinjuries affecting alveolar cells and septa.
Supporting the importance of the coagulation/fibrinolisis process in the development of lung fibrosis, transgenic mice overexpressing PAI-1 develop significantly more lung fibrosis than littermate controls after bleomycin injury (76) . In contrast, PAI-1 deficient mice behave as wild type mice (76) . Likewise, pulmonary fibrosis associated to the exposure to nickel dust is also related to excessive fibrin formation. Nickel activates AP-1 through an oxidant-independent pathway and promotes lung fibrosis by transcriptionally activating PAI-1 and inhibiting fibrinolysis (77) .
Decrease of local plasmin production may have several deleterious effects on the alveolar spaces. These include excessive fibrin deposition, lack of activation of some MMPs responsible for matrix degradation, impairment of epithelial cell migration, and a thrombinmediated increase of fibroblast proliferation, thereby enhancing a fibrotic process (78-80).
Are epithelial cells directly participating in fibrilar collagens accumulation?
Maintenance and repair of the pulmonary alveolar basement membrane are critical processes for preserving normal alveolar structure and function. In this context, it is known that alveolar epithelial cells are able to produce a number of ECM molecules, i.e. type IV collagen, laminin, fibronectin, perlecan, entactin, and thrombospondin directly related to their own basement membrane formation (67, 81, 82).
However, although fetal type 2 pneumocytes are able to synthesize components corresponding to the chains present in types I, III, and V interstitial collagens (83), evidence with adult alveolar epithelial cells has been ambiguous.
Recently it was reported that SV40-transformed human airway epithelial cells are able to internalize silica particles which in turns stimulate the production of matrix proteins such as collagens and fibronectin (84).
A provocative paper examined this possibility in vivo and suggested that in IPF, alveolar epithelial cells express not only type I procollagen but also heat shock protein 47 (HSP47), which regulates the synthesis and assembly of type I collagen (85). In this work, both proteins were examined in lungs of IPF and BOOP patients. Marked HSP47 staining was observed in myofibroblasts and most of the type 2 alveolar epithelial cells primarily around active fibrotic areas. In addition, immunoreactive type I procollagen expression was detected in most myofibroblasts and in around 25% of the type 2 pneumocytes, usually in areas of active fibrogenesis, but not in advanced honeycomb areas. In contrast, HSP47 and collagen type I were weakly detected in only few type 2 pneumocytes in BOOP, a usually reversible disease. This is the first evidence that regenerating alveolar epithelial cells synthesize type I collagen in human lung tissues, and arise the possibility that these cells might play a direct role in the development of fibrosis. Actually, this finding might indirectly suggest that some epithelial changes in pulmonary fibrosis might resemble to a certain degree embryonic development. Supporting this possibility, it has recently reported that phenotypic changes of alveolar epithelial cells during radiation-induced pulmonary fibrosis exhibit similarities with the expression profile of epithelial antigens during lung development (86).
FIBROBLASTS/MYOFIBROBLASTS: THE COMMON ROUTE FOR THE INFLAMMATORY AND EPITHELIAL PATHWAYS TO PULMONARY FIBROSIS
An essential feature in the development of pulmonary fibrosis is the activation of fibroblasts, which is followed by abnormal remodeling of the ECM and subsequent destruction of the lung architecture. Proliferation/activation of fibroblasts widely dispersed throughout the lung parenchyma usually precedes accumulation of ECM molecules in the damaged alveolus, and it is considered as a key step in the transformation of a potentially reversible disorder into a progressive and irreversible one. Indeed, the amount of fibroblast/myofibroblasts foci is considered a main prognostic factor in IPF patients [ Figure 2 , (87)].
Fibroblast heterogeneity
Strong evidence has demonstrated that there is a noteworthy phenotypic and behavioral heterogeneity among fibroblast subpopulations in normal and fibrotic tissues.
Classical fibroblasts express vimentin, but not alpha SMC, which is an almost universal marker of myofibroblasts. Using cytoskeletal markers, the presence of at least four fibroblastic phenotypes has been described. They can express vimentin (V-type), vimentin and desmin (VD-type), vimentin and alpha-SM actin (VA-type) and vimentin, desmin, and alpha-SM actin (VAD-type) (88) . Other important markers of myofibroblastic differentiation are the smooth muscle myosin heavy chains that seem to better define different well-differentiated myofibroblastic phenotypes (88, 89) .
In the interstitium of normal lungs there is a subset of mesenchymal cells known as alveolar myofibroblasts or contractile interstitial cells (CICs) involved in the regulation of alveolar size during breathing, thus participating in the control of the ventilation-perfusion ratio (90) . These cells express myogenic intermediate filaments, including desmin and vimentin although not α-smooth muscle actin (alpha-SMA) (91) . However, CICs exhibit a close phenotypic relationship with mesenchymal cells expressing alpha-SMA as pericytes ---the myofibroblasts associated with capillaries ---, and with the alveolar ring cells, that represent smooth muscle-like cells found at the corners of alveolar ducts (91) . In general, it has been proposed the existence of a spectrum of fibroblastic differentiation which includes cells with phenotypic features similar to those of classical fibroblasts and of classical smooth muscle cells (88, 92) .
In human lung fibroblasts, we have found differences in cell size among different subsets expressing and not expressing alpha-SMA. By unit gravity sedimentation and flow cytometric analyses we identified three sizes of cell subpopulations corresponding to young quiescent, rapidly proliferating, and large slow-growing groups. Under conditions of log-phase growth, only the last group, corresponding to larger slow-growing cells, expressed alpha-SMA (93).
Mesenchymal cells continually modify their interactions with the microenvironment, and a number of experimental systems begin to uncover details of this behavior. However, the in vivo sequence of events leading to activation of fibroblasts and formation of foci of myofibroblasts in the injured lung parenchyma is far to be elucidated.
According to current knowledge we can assume that fibroblasts acquire first a migratory phenotype, then a proliferative phenotype, and finally a myofibroblast profibrotic phenotype during which they produce abundant ECM components.
First call: Fibroblast migration to the site of lesion
Cellular motility plays a critical role in the development of fibrosis, and some evidence suggests that fibroblasts obtained from fibrotic lungs migrate faster than those obtained form normal lungs. Suganuma et al (94) evaluated the migratory activity of fibroblasts obtained from IPF and control lungs. Migration of IPF fibroblasts was increased in serum-free maintenance medium alone and was significantly enhanced when cells were stimulated by PDGF.
Actually, PDGF is among the most potent stimuli for fibroblast migration, and appears to be one of the factors implicated in fibroblast chemotaxis during lung fibrosis. PDGF is highly upregulated in fibrotic lungs and it is synthesized by inflammatory as well as alveolar epithelial cells (57) . During experimental lung fibrogenesis, PDGF receptor alpha is rapidly induced, and it is expressed primarily by mesenchymal cells residing within fibrotic lesions (95) . More recently, it was demonstrated that both alpha-and beta-PDGF receptors promote lung fibroblast cell migration, and more importantly, it was shown that their effects are additive (96) . PDGF stimulates fibroblast chemotaxis in a concentration-dependent manner, and this stimulation seems to be augmented by some cytokines such as IL-1 beta and TNF-alpha (97).
KL-6, a molecule synthesized by alveolar epithelial cells, also promote the migration of human lung fibroblasts, and checkerboard analysis has revealed that it is chemotactic as well as chemokinetic, effects that are enhanced by fibronectin (98) . Indeed, human plasma fibronectin alone is also able to selectively recruit fibroblasts (99).
More recently, it has been suggested that nerve growth factor (NGF), a polypeptide which, in addition to its effect on nerve cells seems to participate in inflammatory responses, might play a role in fibroblast migration (100). Thus, NGF significantly induced skin and lung fibroblast migration in an in vitro model of wounded fibroblast and skin migration, but did not influence fibroblast proliferation, collagen production, or metalloproteinase production or activation (100).
Second call: Fibroblast proliferation in the site of lesion
Either in lung interstitium or alveolar spaces, (often in both) the expansion of the fibroblast/myofibroblast population is a key characteristic of active fibrotic lesions. In this context, the analysis of the rate of proliferation of these cells derived from fibrotic lungs either in experimental models or in humans, have received special attention. However, reports in the literature are some how contradictory. Thus, there are data showing that primary fibroblasts derived from IPF patients proliferated faster than normal lung fibroblasts (101) . In contrast, we found that IPF-derived fibroblasts with more than 60% of alpha SMC actin positive cells showed a marked decrease in growth rate when compared with lung fibroblasts derived from normal individuals (102) . The apparent contradiction might be partially explained by the observation that different rates of proliferation can be detected if fibroblasts are derived from areas of early (higher proliferation) or dense fibrosis (slower proliferation) (103) .
Studies of fibroblasts isolated from bleomycininduced lung injury have shown evidence of increased intrinsic proliferative capacity (104) . When the role of telomerase in regulating this capacity was investigated in the same model, significant telomerase activity was detected in fibroblasts and tissue extracts isolated from day 14 samples as compared to controls (105) . However, an interesting observation was that telomerase expression localized mainly to non-myofibroblastic mesenchymal cells. These findings together with ours (100) would suggest that actively proliferating fibroblasts are a different subpopulation from myofibroblasts. Supporting this point of view it has been observed that cytokines implicated in the early events of myofibroblast precursor proliferation and migration do not induce expression of alpha-SMA (106) . Studies dealing with lung fibroblast mitogenic cytokines in pulmonary fibrosis suggest that some of the factors involved in chemotaxis may also participate in cell proliferation. Thus for example, it has been demonstrated that PDGF stimulates human lung fibroblast proliferation in a concentration-dependent manner, whereas IL-1 beta and TNF-alpha have no effect (97) . Basic fibroblast growth factor may also act as a chemotactic and mitogenic agent, as described for dermal fibroblasts in wound healing (107) .
Insulin-like growth factor-1 (IGF-1) is a highly mitogenic polypeptide for fibroblasts (63) , and it has been demonstrated that fibrotic lung fibroblasts show increased constitutive and TGF-beta-stimulated IGF-1 expression, as compared to normal fibroblasts (108) . Additionally, bronchoalveolar lavage fluid from a number of fibrotic lung disorders exhibit IGF-1-mediated increased fibroblast proliferation (109, 110) . Increased expression of this growth factor has been documented in IPF lungs, primarily expressed by interstitial macrophages and alveolar epithelial cells (111) .
Recent evidence suggests that alpha-1 antitrypsin, at physiologically relevant concentrations, promotes fibroblast proliferation, and also stimulates procollagen synthesis independently of its effects on cell proliferation (112) . The mitogenic effect is related to the rapid activation of p42MAPK and p44MAPK since a specific MEK1 inhibitor totally blocked the action of the antiprotease (112) . While evidence supports that alpha-1 antitrypsin is the major circulating serine protease inhibitor protecting tissues from neutrophil elastase degradation, these results suggest that additionally, it might influence tissue repair by stimulating fibroblast proliferation and ECM production via classical mitogen-activated signalling pathways.
Third and last call: Fibroblasts differentiate into myofibroblasts
The presence of an increased population of myofibroblasts is recognized as an essential element of the fibrotic response to injury in human and experimental lung fibrosis, as well as in liver and other organs (113) (114) (115) (116) . Actually, once fibroblasts have migrated and proliferated into the lung-injured microenvironment, they acquire a myofibroblast phenotype and gradually switch their major functions to protein synthesis and contractility.
The mechanisms involved in myofibroblastic differentiation as well as the origin of progenitor cells in fibrotic lungs are still unclear, but several cytokines have been implicated. Thus for example, an early event involved in the change to a myofibroblast phenotype during embriogenesis as well as in adult wounds is the transformation of fibroblasts expressing PDGF receptor to cells expressing PDGF (107, 117) .
Likewise, TGF-beta1 has been implicated in the pathogenesis of fibrosis not only based on its capacity to enhance accumulation of ECM molecules but also because it is capable of promoting myofibroblasts differentiation, upregulating fibroblast alpha-SMA expression both in vivo and in vitro (118, 119) . Similarly, lung overexpression of granulocyte-macrophage colony-stimulating factor (GM-CSF) also induced expression of alpha-SMA in fibroblasts (120) . However, when the underlying mechanisms were investigated, it was found that the emergence of α-SMC actin-rich myofibroblasts appeared only after TGF-beta1 production. Similar results were obtained in bleomycininduced lung fibrosis where induction of GM-CSF in alveolar macrophages precedes the increase in TGF-beta1 and TGF-beta type II receptor transcripts and the presence of myofibroblasts (121) . These findings suggest that GM-CSF is an early upstream regulator of TGF-beta1 expression, and support a crucial role of TGF-beta1 in the acquisition of the myofibroblastic phenotype in pulmonary fibrosis.
Some evidence suggests that the fibronectin domain ED-A, an isoform de novo expressed during wound healing and fibrosis, is necessary for the induction of the myofibroblastic phenotype by TGF-beta1 (122) . Retinoic acid regulates alpha-SMC actin expression as well (123) . Furthermore, cellular retinol binding protein-1, known to be a retinoic acid-responsive gene, is also controlled at the transcriptional level by TGF-beta although throughout distinct pathway (123).
Myofibroblast persistence in the active fibrotic site
During the resolution of normal wound healing, there is a striking decrease in cellularity, including the disappearance of myofibroblasts through apoptosis. Indeed, the finding of markers of apoptosis within myofibroblast populations in vivo has led to the speculation that fibroblast differentiation to the myofibroblast phenotype might represent a terminal pathway leading to apoptosis.
The question that arises is why this process does not seem to occur during the development of fibrotic disorders. A descriptive study in IPF lungs has showed that the apoptotic activity in vivo is remarkable lower in the fibroblastic foci as compared to the fibromyxoid lesions of BOOP, a reversible disease, suggesting that in IPF fibroblasts/myofibroblasts display a longer survival (124) . In contrast, we have noticed that fibroblasts derived from IPF lungs, in addition to be enriched with a myofibroblasts phenotype, exhibit an increased rate of spontaneous apoptosis (102) . The reason for this paradox is unknown. It can be speculated that antiapoptotic factors that may influence the fibroblast behavior in vivo, are lost when cells are cultured in vitro. Another possible explanation is that cells that are dying by apoptosis in vitro are not the " in vivo resistant" ones. In this context, it has recently been reported that some experimental conditions assumed to occur in vivo, i.e. TGF-beta1 production, might lead to selection and propagation of certain apoptosis-resistant or apoptosissusceptible fibroblast subpopulations at least in vitro (125) . On this regard, the balance of a number of cytokines may enhance or inhibit cell death, and can be different in vivo and in vitro. Thus for example, IL-1 beta selectively induces apoptosis in myofibroblasts via induction of nitric oxide synthase, while TGF-beta1 strongly inhibits apoptosis in lung myofibroblasts (126) . Likewise, skin fibroblasts from systemic sclerosis are specifically resistant to apoptosis induced by Fas receptor stimulation, but are susceptibility to apoptosis induced by nonspecific stimuli, such as protein kinase inhibition or serum withdrawal (127).
Myofibroblasts and lung fibrogenesis
The increase of myofibroblasts in injured lungs has several deleterious effects. This cell subset is responsible for most of the increased lung collagen gene expression in vitro and in vivo, thus actively contributing to excessive ECM deposition in the lung parenchyma during the development of pulmonary fibrosis (102, 128) .
One of the major roles of myofibroblasts in wound healing, facilitated by their contractile phenotype, is the size reduction of denuded surface area in the wounded tissue conducting the wound margins toward one another. Thus, in addition of being a marker of myofibroblast differentiation, filamentous α-SMA is important for cell contraction, and this is probably one of the mechanisms involved in the characteristic decrease of lung compliance observed in patients with pulmonary fibrosis.
As mentioned, myofibroblasts from IPF lungs induce alveolar epithelial cell death, and at least in part, the failure in reepithelialization appears to be provoked by this mechanism (46, 47) .
Myofibroblasts seem to be also implicated in the degradation of basement membrane. Migration of fibroblasts/myofibroblasts into the alveolar spaces occurs through partially disrupted and denuded epithelial basement membranes (113, 129, 130) . This pathological process may also contribute to the failure of an orderly repair of the damaged alveolar type I epithelial cells. Although the mechanisms involved in the disruption of the basement membrane remain unknown it has been demonstrated that subepithelial myofibroblasts express gelatinases A and B occasionally coinciding with some areas with denuded alveolar basement membranes (129) (130) (131) . Likewise, in bleomycin-induced pulmonary fibrosis, an increase of gelatinase B activity and disruption of the alveolar epithelial basement membrane have been found (132) .
Additionally, it should be considered that basement membrane carry signals for cell survival, and its degradation such as that occurring in IPF, could lead to the loss of these signals resulting in epithelial cell death, as occur in the evoluting mammary gland (133).
MATRIX REMODELING: A CRUCIAL ROLE FOR THE MATRIX METALLOPROTEINASE FAMILY
Abnormal accumulation of ECM is the final common feature of any fibrotic disorder. In this context, some recent work has explored the possible role of MMPs during ECM remodeling, the MMPs. These represent a large family of over 20 enzymes that are collectively capable of cleaving the numerous components of the ECM, as well as many other non matrix substrates. MMPs can be classified according to their structural domains and substrate affinity into several subfamilies including: collagenases, gelatinases, stromelysins, matrilysins, membrane type MMPs, and other MMPs that do not appear to fall into any of these subgroups (134) .
The regulation of these enzymes is controlled at several levels including gene transcription, activation of latent enzyme and through binding to a specific family of homologous proteins referred to as TIMPs. TIMP-1 to -4 are a family of two domain proteins that besides to its common MMP inhibitory action, differ in expression patterns, and other properties such as pro-MMP activation, cell growth-promoting activity, matrix binding, inhibition of angiogenesis, cell survival promoting activity, and induction of apoptosis (134, 135).
MMPs/TIMPs relationships in pulmonary fibrosis
The possible role of both, MMPs and TIMPs in the development of lung fibrosis has been analyzed in humans and in experimental models, where in general an overexpression of MMPs has been found (102, (129) (130) (131) (136) (137) (138) (139) (140) .
This observation in fibrotic diseases where the main characteristic is the exaggerated deposit of ECM has been considered as a paradox, since MMPs are mainly viewed as enzymes contributing to pathological extracellular matrix destruction. However, we are far from understanding the biological consequences of cleavage of matrix and non matrix substrates that result in abnormal repair. Furthermore, location of MMPs expression, as well as TIMPs behavior are critical for ECM degradation.
This complex process can be exemplified with our recent findings regarding the collagenases subfamily (130) . In this study, although MMP-1 was highly expressed in IPF lung tissue, the localization of the enzyme was noticed in alveolar macrophages, reactive alveolar epithelial cells as well as in bronchiolar epithelial cells lining honeycomb cystic spaces, but it was practically absent in the interstitial compartment. Collagenase-2 was revealed in neutrophils, which were not very abundant in IPF sections, and collagenase-3 was not found (130) . Considering that one of the main substrates of collagenases are fibrillar collagens, the lack of the expression of this enzyme in interstitial fibroblasts might explain in a simplistic way the presence of scars that do not undergo resorption.
Moreover, the observation that fibroblasts did not show MMP-1 in vivo is in agreement with our results obtained in vitro where no differences in MMP-1 mRNA and protein expression have been noticed between IPF and control fibroblasts (102, 136) .
On the other hand, its high expression in injured epithelium is intriguing, and might suggest a possible role in alveolar epithelial cells migration. This interpretation is suggested by analogy with injured skin where MMP-1 is induced in migrating keratinocytes by binding through alpha-2 beta-1 integrin to native type I collagen. Degradation of collagen in this system initiates keratinocyte migration during reepithelialization (137) .
Gelatinases are the subgroup of MMPs most extensively studied in interstitial lung diseases. MMP-2 and MMP-9 have a broad matrix substrate specificity including laminin, fibronectin, elastin, and type IV collagen, but also of non-matrix substrates influencing the activation of a number of growth factors, such as pro-TGF beta, pro-TNF alpha and IL1 beta ? (134, 139) . Its over-expression in fibrotic diseases has been mainly associated with its capacity to degrade components of the basement membranes. MMP-2 and MMP-9 have been observed in subepithelial myofibroblasts, occasionally in areas of denuded alveolar basement membranes, suggesting that they may play a role in the migration of these cells to the alveolar spaces (129) (130) (131) . Furthermore, IPF fibroblasts express MMP-9 transcript in vitro, and its expression is related with the percent of myofibroblasts (102) .
A recent work using cDNA microarray analysis has shown that one of the genes highly expressed in IPF lungs is matrilysin (MMP-7). The immunoreactive enzyme was localized primary in reactive epithelial cells and bound to ECM (141) . This enzyme has a strong affinity for heparin and is able to degrade several matrix substrates, such as proteoglycans, laminin, fibrin/fibrinogen, and others (134) .
Expression and localization of TIMPs have also been studied in fibrotic lung disorders, both in vitro and in vivo. Cultured fibroblasts/myofibroblasts obtained from IPF lungs exhibited a marked upregulation of all 4 TIMPs as compared with fibroblasts from normal lung (102) . TIMPs expression and localization has been also studied in vivo (129, 130) . TIMP-1 is expressed by interstitial cells associated to fibrous tissue, and by alveolar epithelial cells. TIMP-2 is specifically expressed by myofibroblasts within fibroblast foci. TIMP-3 is the only TIMP that binds to the ECM and was primarily localized to the elastic lamina of vessels. TIMP-4 was found in interstitial macrophages and plasma cells. It is important to emphasize that increased TIMP-1 and -2 expression may induce mesenchymal cell proliferation, while TIMP-3 may induce apoptosis (134, 135) . Interestingly, TIMP-3 is also capable of inhibiting members of the ADAMs (a disintegrin and a metalloprotease domain) family-like TACE (TNF-alpha cleaving enzyme ADAM 17) (142) . Recently, it was reported that TIMP-3 null mice present remarkable lung changes characterized by enlarged air spaces, with no signs of inflammation or fibrosis (143) .
Overall, the higher interstitial expression of the 4 TIMPs as compared to interstitial collagenases, supports the notion that a non-degrading fibrillar collagen microenvironment is present in IPF (130).
GENETIC SUSCEPTIBILITY AND PULMONARY FIBROSIS
Abnormal expression of a number of genes controlling the inflammatory response to injury, and/or epithelial and fibroblast activities could potentially predispose the development of pulmonary fibrosis. In this context, pulmonary fibrosis should be considered a complex disorder involving multiple genes and environmental factors. Moreover, since a variety of interstitial lung diseases eventually evolve to lung fibrosis, it is important to determine if an individual genetic susceptibility is related to the specific disease, i.e. sarcoidosis, or to the exaggerated deposit of ECM, i.e. fibrosis.
There are numerous observations supporting the notion that genetic factors may determine susceptibility or resistance to acquire pulmonary fibrosis. Thus for example, substantial variability exists in the development of lung inflammation/fibrosis among individuals similarly exposed to organic particles (i.e. hypersensitivity pneumonitis), inorganic particles (i.e. asbestosis), or drugs (i.e. amiodarone) (144) (145) (146) . Similar observations have been reported in bleomycin-or radiation-induced pulmonary fibrosis in different animal strains (147, 148) .
Likewise, familial forms of pulmonary fibrosis have been described elsewhere, and the disorder has also been found in monozygotic twins who were separated at early age (149) (150) (151) (152) . Moreover, lung fibrosis often occurs in a number of pleiotropic inherited syndromes such as Neimann-Pick disease, infantile Gaucher's disease, neurofibromatosis, tuberous sclerosis, and Hermansky-Pudlak syndrome (153) .
However, studies regarding genetics factors conferring either susceptibility or resistance to develop pulmonary fibrosis are scanty. Two analytical methods have been suggested to approach complex disease genes, linkage analysis and association mapping. The former tests for co-segregation of a gene marker and a disease phenotype within a family to determine whether a diseasepredisposing gene and a genetic marker are in close physical proximity to each other.
So far no reports have been published using linkage analysis regarding familial pulmonary fibrosis, although a protocol is currently in progress in the USA (D. Schwartz, Duke University Medical Center). On the other hand, some studies have suggested that genes located on chromosome 14 encoding immunoglobulin heavy chain G allotypes or α-1 protease inhibitor may be implicated in familial pulmonary fibrosis (154, 155) . However, the linkage of these genes to the disease is rather weak. More recently, a mutation in one allele of the surfactant protein C gene, consistent with an autosomal dominant pattern of inheritance, was found in two familial patients with two different forms of idiopathic interstitial pneumonias (156).
Genetic polymorphisms and pulmonary fibrosis
Association studies designed to explore the cooccurrence of a genetic marker and a specific disease at the population level are widely used for discovering susceptibility loci. However, few studies have been done in pulmonary fibrosis. Avila et al., analyzed the possible association of fibronectin gene polymorphisms and lung fibrosis in patients with systemic sclerosis (SSc), a generalized connective tissue disorder (157) . They assessed restriction fragment length polymorphisms in 161 patients with SSc and 253 healthy controls. Fibronectin was selected because it acts in the lung as chemoattractant and adhesive substrate for fibroblasts, and because some splice variants appear to be implicated in inflammation. A significant increase and co-association of the genotypes AB and CD was observed in SSc patients who developed pulmonary fibrosis, suggesting that fibronectin gene polymorphims might predict SSc individuals likely to develop pulmonary fibrosis.
Whyte et al (158) examined the TNF-alpha and IL-1 receptor antagonist (Il-1ra) gene polymorphisms in patients with IPF. Two different ethnic populations were mapped, English and Italian cases and controls. The authors found that IL-1ra (+2018) allele 2, and TNF-A (-308) allele 2 seemed to confer increased risk of developing fibrosing alveolitis. Similar results were reported in silicosis by Yucesoy et al (159) who found that regardless of disease severity, the odd ratios of disease for carriers of the IL-1ra (+2018) or TNF-alpha (-308) variants were elevated.
However, different results, at least regarding TNF-alpha gene polymorphisms were found in a recent case-control sample from the United Kingdom (160) . In this work, Pantelidis et al also tested lymphotoxin-alpha, TNF receptor II and IL-6 gene polymorphisms in 74 patients with IPF, and found no significant association with genotype, allele, or haplotype frequencies when compared with 201 healthy individuals. Interestingly, an increased frequency of cocarriage of the IL-6 intron 4G and the TNF-RII 1690C alleles was observed in the IPF population.
Possible genotypic variations in the TGF-beta1 gene, a potent profibrogenic cytokine, was evaluated by Awad et al in patients with pulmonary fibrosis (161) . Five polymorphisms were identified in the TGF-beta1 gene between position -1321 and +966 relative to the first major transcription start site. One of them consists of a single base substitution (G/C) at position +915 in the signal sequence, which changes codon 25 (arginine/proline). Interestingly, cells from individuals with the arginine/arginine homozygous genotype displayed higher production of the protein in vitro. An increase of this polymorphism was found in patients with pre-transplant lung fibrotic pathology when compared with controls and patients with pre-transplant nonfibrotic pathology. More recently, the same group found that this polymorphism also predicts the development of post-transplant lung fibrosis (162) . Thus, 39 of 91 lung transplanted patients developed allograft fibrosis, and more than 90% of them (36 of 39 recipients) were of the homozygous codon 25 arginine/arginine high TGF-beta1-producer genotype.
Taken together, these studies suggest that several polymorphisms might increase the risk to develop pulmonary fibrosis. However, several considerations are important to discuss. First, in many of the polymorphisms studied, it is not clear whether they are neutral or nonneutral in relation to the disease or an intermediate phenotype. Second, population stratification, sample size and precise diagnosis are crucial, and some contradictory results may be due to the design of more or less rigorous studies. Most disturbingly, positive association may arise as an artifact of population admixture. Finally, it is important to keep in mind that the association might not be causal but rather be due to linkage disequilibrium of the marker with a susceptibility gene.
Gene-gene and gene-gene-environment interactions
The genetic dissection of complex disorders such as pulmonary fibrosis should take into account that the risk to develop the pathological condition might be conferred jointly by the interaction of multiple genes. Moreover, different gene alterations may involve a number of molecules produced by distinct resident or inflammatory cell types, and implicate a variety of pathways.
Thus for example, it has been recently described that alveolar epithelial cells from some patients with IPF exhibit microsatellite instability in the TGF-beta1 type II receptor gene (163) . A deletion in the polyadenine tract in exon 3 was detected in epithelial cells isolated by microdissection, and coincidentally, low TGFbeta1-II receptor was observed by immunohistochemical staining. The putative pathogenic effect, if any, of this deletion mutation is still unclear, although hyporesponsiveness to TGF-beta may induce increased expression of the cytokine and consequently promote fibrosis.
To date, it is unknown if fibroblasts from patients who develop pulmonary fibrosis have genetic susceptibility to respond abnormally after stimulation. Interestingly, lung fibroblasts isolated from IPF patients have shown a defect in cyclooxygenase-2 expression, and a failure in their capacity to synthesize PGE2 that has, among other functions, an antifibrogenic effect (164) . Likewise, it has been demonstrated that basal and TGF-beta1-induced PGE-2 synthesis is limited in fibroblasts from fibrotic lung, and correlated with a loss of the anti-proliferative response to this cytokine. This failure to induce PGE-2 synthesis was due to an inability to up-regulate COX-2 mRNA levels in these fibroblasts. Furthermore, mice deficient in COX-2 exhibited an enhanced fibrotic response to bleomycin. Therefore, it seems that a reduced capacity to up-regulate COX-2 expression and COX-2-derived PGE-2 synthesis may lead to unopposed fibroblast proliferation and collagen synthesis and contribute to the pathogenesis of pulmonary fibrosis (165) .
Environmental components are also important, although unknown in many cases. Thus for example, in the case of IPF it can be speculated that some inciting factor(s), i.e. viral infections or gastroesophageal reflux and acid exposure, injure lung parenchyma. Then, activated epithelial cells secrete profibrotic molecules, which in turn act on genetically defective fibroblasts provoking a continuous fibrotic response.
Gene-environment interactions are clearly exemplified in some ILD of known etiology such as hypersensitivity pneumonitis where an increased frequency of the HLA haplotype DRB1*1305-DQB1*0301, and of TNF-2 (-308) allele significantly increase the risk of developing the disease in individuals exposed to avian antigens (166) . However, this association is related to the inflammatory response, but not with the fibrotic response since this association was observed regardless the outcome.
Functional genomics and gene-expression profile
cDNA microarray technology represents a powerful approach to identify genes specifically expressed in different cell or tissue types, as well as to study their upor down-regulation during pathological processes. To better understand the mechanisms involved in experimental lung inflammation and fibrosis, Kaminski and coworkers analyzed the lung transcription programs by using oligonucleotide microarrays (167) . Gene expression patterns were examined in mice injured with bleomycin, as well as in mice carrying a null mutation in the epithelialrestricted integrin beta-6 subunit (beta 6-/-) which develop inflammation but are protected from pulmonary fibrosis. The results of this study identified several clusters of genes that were each expressed with a distinct temporal pattern. Some early upregulated genes were known to be induced by DNA damage, and others were related to the inflammatory response. Interestingly, one cluster of genes was dramatically induced by bleomycin in wild-type mice, but in a lesser degree in β6-/-mice. These genes included a number of genes involved in ECM metabolism, in the regulation of cellular responses to the ECM, and most of the known TGF-beta inducible genes. Therefore, these genes could provide some clues to the development of pulmonary fibrosis, at least in mice. Interestingly, osteopontin, a molecule that mediates various functions, including cell attachment and migration by interacting with alpha v integrin, represented one of the most increased genes. More recently, it was demonstrated that osteopontin is strongly expressed in alveolar macrophages accumulating in bleomycin-induced fibrotic area of the lung, and that the development of the fibrotic process in mice is associated with an increase in the expression of osteopontin mRNA and protein (168) . Furthermore, treatment of mice with antimouse alpha v integrin monoclonal antibody repressed the extent of pulmonary fibrosis in this model.
A study in humans has also corroborated a noteworthy increase of osteopontin gene expression (141) . In addition, many genes encoding for proteins associated with ECM turnover, primarily MMP-1 and MMP-7, as well as proteins expressed in smooth muscle cells, were significantly increased in these human fibrotic lungs. However, further work will be necessary to better understand the implications of this methodology, as well as to separate real pathogenic events from epiphenomena.
PERSPECTIVE
Recent evidence challenges the conventional dogma related to the pathogenesis of pulmonary fibrosis. From a new perspective, two routes are visualized, the inflammatory pathway and the epithelial cell pathway, the latter one represented by idiopathic pulmonary fibrosis, one of the most frequent and by far the most aggressive fibrotic lung disorder. This is an important distinction because while lung fibrosis preceded and triggered by inflammation may be controlled by anti-inflammatory therapy, mainly if the lung disorder is diagnosed in an early phase, IPF do not respond to treatment and should be faced with new different therapeutic approaches. Research and design of pharmacological protocols should consider pathogenic mechanisms related to epithelial cell activation, and should tows on epithelial-mesenchymal cell relationships. Likewise, a better understand of the gene-environment interactions in the lungs will contribute to improve our comprehension of the mechanisms involved in the development of pulmonary fibrosis. 
